Background: , a muscle-specific miRNA, regulates the growth of cardiac myocytes and pulmonary artery smooth muscle cells. However, it remains unknown whether miR-206 is involved in pulmonary hypertension (PH) due to left heart diseases (PH-LHD). This study was designed to investigate the correlation between miR-206 and PH in patients with LHD. Methods: In 82 consecutively enrolled LHD patients, we examined the serum levels of miR-206 and analyzed its correlations with pulmonary artery systolic pressure (PASP) and cardiac function. Another 36 age-and sex-matched subjects served as healthy controls. Results: The patients were divided into the LHD group (n=47, PASP<50 mmHg) and the PH-LHD group (n=35, PASP≥50 mmHg). The level of miR-206 was significantly decreased in the PH-LHD group compared with that of the LHD and healthy control groups. In addition, the miR-206 level was correlated with PASP (r=-0.305, p<0.001) but not with systemic blood pressure. Univariate analyses showed that miR-206, brain natriuretic peptide (BNP), left ventricular ejection fraction and left atrial longitudinal diameter (LAD) were significantly related to PASP. Multivariate regression analysis identified miR-206 as an independent predictive factor for PH. MiR-206 alone (cut-off <0.66) demonstrated a sensitivity of 68.60% and a specificity of 65.80% in predicting PH. Moreover, the combination of miR-206, BNP and LAD (cut-off 0.21) showed a sensitivity of 97.10% and a specificity of 80.30% in predicting PH in LHD patients. Conclusion: A decreased circulating miR-206 level was associated with increased PASP in LHD patients. Thus, the level of miR-206, especially combined with BNP and LAD, might be helpful in the detection of PH in LHD patients.
Introduction
Left heart diseases (LHD), including heart failure and cardiac valve diseases, represent the most frequent cause of pulmonary hypertension (PH) [1, 2] . Regardless of the underlying cardiac diseases, the presence of PH has been regarded as one of the major causes of symptom aggravation [3] . Early recognition of PH is important for the management of LHD patients. PH is a hemodynamic definition, and invasive right heart catheterization (RHC) has been considered the gold standard for diagnosis. To date, however, conventional echocardiography continues to be used for the detection of PH [4, 5] . RHC is not routinely performed on patients with LHD in clinical practice, which impedes the early diagnosis of PH-LHD.
Circulating biomarkers have been proposed as potentially noninvasive, objective and repeatable parameters for the diagnosis, prognosis, and response to therapy. Serum biomarkers associated with endothelial mediators, inflammation, right ventricular dysfunction, and metabolism have been extensively studied [6, 7] . In particular, biomarkers such as brain natriuretic peptide (BNP), uric acid (UA), and bilirubin [8] [9] [10] [11] have been correlated with the severity of PH and have been used for the risk classification of pulmonary artery hypertension (PAH) in the clinic. However, the value of these biomarkers is limited for the detection of PH in LHD patients because of their non-specific nature.
It was recently recognized that non-protein coding microRNA (miRNA) sequences have a critical role in regulating gene expression in cardiovascular diseases [12, 13] . Accordingly, aberrant miRNA expressions of miR-145, miR-206, miR-204, miR-21, and others have been implicated in the pathogenesis of PH [14] [15] [16] [17] [18] . For example, miR-21 was reported to participate in the pathogenesis of chronic hypoxia-induced pulmonary vascular remodeling [15] . Caruso et al. [16] found that the down-regulation of miR-145 protected against the development of PAH in mice exposed to chronic hypoxia. In studies of PH-LHD, miR-206 attracted much attention because it regulates pulmonary artery smooth muscle cells (PASMCs) and cardiomyocytes. MiR-206 belongs to the miR-1 family and is primarily expressed in skeletal muscle. Recently, miR-206 was shown to be expressed in PASMCs and cardiomyocytes [19] [20] [21] [22] [23] . Studies by Yue et al. [19] and Jalali et al. [20] showed that reduction in miR-206 levels increased proliferation and reduced apoptosis of PASMCs. Yang et al. [21] found that increased miR-206 expression induced cardiac hypertrophy and inhibited cell death in cultured cardiomyocytes. PH comprises multiple diseases with different pathogenic characteristics. Although the regulation of miR-206 in hypoxia and monocrotaline-induced PAH models has been well-studied [18, 19] , it remains largely unknown whether miR-206 is involved in PH-LHD. However, PH develops in LHD. Reports showing that miR-206 regulates the cellular features of both cardiomyocytes and PASMCs strongly suggest its role in PH-LHD. Because miRNAs may be released into the circulation and can subsequently affect cell function both locally and at a distance, we hypothesized that miR-206 was associated with the incidence of PH-LHD and could be detected in the peripheral blood samples of PH-LHD patients. To test this hypothesis, we studied the expression pattern and clinical relevance of circulating miR-206 with PH in LHD patients.
Materials and Methods

Ethics
The study was approved by the Ethics Committee of Xinqiao Hospital of Third Military Medical University. All participants involved in this study received oral and written information regarding the objectives of the study and provided written informed consent.
Study design and participants
Inpatients with LHD were consecutively enrolled from January 2014 to July 2015. According to the current guidelines on the classification of PH, eligible LHD subjects included patients with heart failure with reduced ejection fraction (HFrEF), heart failure with preserved ejection fraction (HFpEF), and cardiac valve diseases [24, 25] . The etiology of heart failure includes coronary artery disease, hypertension and cardiomyopathy, although there is no evidence to indicate that connective tissue disease, congenital heart diseases, diabetes and lung diseases should be included in the etiology of heart failure. Cardiac valve diseases include aortic and mitral valve problems. PH cases of groups 1, 3, 4, and 5 were excluded. The pulmonary artery systolic pressure (PASP) was examined by echocardiography on the day of admission. Finally, 82 cases of LHD were enrolled, and the patients were further divided based on the PASP findings into the LHD control group (n=47, PASP<50 mmHg) and the PH-LHD group (n=35, PASP≥50 mmHg). Another 36 age-and sex-matched subjects served as healthy controls. After informed consent was obtained, peripheral fasting venous blood was drawn from all enrolled subjects for analysis of miR-206 and BNP.
Clinical measurements
Echocardiographic recordings were obtained in all subjects using a GE VIVID7 color Doppler ultrasound system (GE Healthcare, Norway). The data were stored on a DVD and analyzed by two independent investigators. The simplified Bernoulli equation describes the relationship between tricuspid regurgitation velocity and the peak pressure gradient of tricuspid regurgitation, where the peak pressure gradient of tricuspid regurgitation = 4 × (tricuspid regurgitation velocity). The PASP was calculated as the tricuspid regurgitation pressure gradient plus the estimated right atrial pressure. The right atrial pressure was assumed to be a fixed value of 10 mmHg. The left ventricular ejection fraction (LVEF) was calculated using the Teichholz method and the modified biplane Simpson method, as previously described [26] . The blood pressure (BP) and heart rate (HR) were measured with an Omron HEM-6200 monitor (Japan).
The levels of BNP were assayed with a ReLIA Analyzer SSJ-2 using reagents provided by the manufacturer (ReLIA Biotechnologies, USA).
MicroRNA analysis by real-time PCR
Approximately 3 ml of blood was collected in a vacuum tube at the time of enrollment. Total RNA from the serum samples was extracted using a miRNeasy Mini Kit (Qiagen, Germany) according to the Qiagen supplementary protocol. First-strand cDNA was made using a PrimeScript RT reagent kit (Takara, Japan) from 2 µl total RNA. Quantitative real-time PCR was performed with a StepOnePlus system (Applied Biosystems, America) using SYBR Premix Ex Taq (Takara, Japan). The stem-loop reverse transcription primers and PCR primers for the genes of interest were purchased from Ribobio (Guangzhou, China). The miRNA expression values were normalized to the snRNA U6 expression data and were calculated using the 2 −ΔΔCt relative quantification method.
Statistical analysis
Statistical analysis was performed using SPSS software (version 20.0, IBM corp., America). All continuous variables are summarized as medians and interquartile ranges, and all categorical variables are expressed as proportions. Significant differences in the biomarker levels between the groups were determined using a Kruskal-Wallis non-parametric test followed by pairwise multiple comparisons. Correlations between the miR-206 level and clinical data, including PASP, BNP and LVEF, were assessed by calculating Spearman's correlation coefficients. Predictive factors were examined by univariate and multivariate analysis. The diagnostic accuracies of serum biomarker levels were assessed by receiver operating characteristic (ROC) curve analysis. All points of each ROC curve were used as independent variables in the formula "Index = Sensitivity + Specificity -1". Then, the maximum value of the index (Youden's index) was used as a criterion for selecting the optimum cut-off point, and the corresponding sensitivity and specificity values were the sensitivity and specificity in diagnosing PH-LHD. Forward stepwise binary logistic regression analyses were performed to determine the optimal combination of biomarkers for predicting PH-LHD. P<0.05 was considered statistically significant.
Results
Patient characteristics
The study sample comprised 36 healthy control subjects, 47 LHD control patients, and 35 PH-LHD patients. The average age and sex were comparable among the three groups. Fig. 1 . Levels of miR-206 in the healthy control, LHD control, and PH-LHD groups. In the 35 consecutively enrolled PH-LHD patients, 47 LHD control patients and 36 healthy control subjects, the plasma levels of miR-206 were analyzed by real-time PCR. The miR-206 expression values were normalized to the internal snRNA U6 expression and were calculated with the 2 −ΔΔCt relative quantification method. The expression of miR-206 was significantly lower in the PH-LHD group than that in the LHD and healthy control groups. LHD=left heart diseases, PH-LHD=-pulmonary hypertension due to left heart diseases. **p<0.01.
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group compared with the LHD and healthy control groups. The atrium and ventricle were significantly enlarged in the PH-LHD group compared with the LHD group. The chamber sizes of the atrium and ventricle, with the exception of the left atrial longitudinal diameter (LAD), were comparable between the healthy control and LHD groups. The LAD was enlarged in the LHD group compared with the healthy control group. Cardiac function was significantly decreased in the PH-LHD group compared with the LHD control and healthy control groups. The percentage of New York Heart Association (NYHA) grades III and IV was increased and the LVEF was decreased in the PH-LHD group compared with the LHD group. The BNP level was consistently and significantly increased in the PH-LHD group compared with the LHD and healthy control groups ( Table 1) .
Expression of miR-206
Overall, the plasma levels of miR-206 were similar between the male and female subjects. There was no correlation between the miR-206 level and age. However, miR-206 expression was significantly lower in the PH-LHD group than that in the LHD and healthy control groups (p<0.01). No significant difference was found between the healthy control and LHD control groups (Fig. 1, Table 1 ). 
Correlations between the circulating miR-206 level and clinical measurements
Because the clinical parameters, including pulmonary hemodynamic data, chamber size of the atrium and ventricle, LVEF and BNP, were significantly different between the PH-LHD and LHD groups, we further analyzed their correlations with the miR-206 level. Spearman's correlation analysis showed that the miR-206 level was negatively correlated with PASP (r=-0.305, p<0.001) but not SBP (r=0.065, p=0.486) or DBP (r=0.023, p=0.803) (Fig. 2 ). The miR-206 level was negatively correlated with LVD (r=-0.259, p<0.05) and BNP (r=-0.178, p<0.05) and positively correlated with LVEF (r=0.226, p<0.05) ( Table 2 ).
The predictive potential for PH by miR-206
Univariate and multivariate analyses were further performed to identify the factors related to the prediction of PH. We used the univariate analysis to select the predictive factors of PH, and the results showed that miR-206 (p=0.001), BNP (p<0.001), LVEF (p<0.001), Table 3 . Univariate and multivariate logistic regression analysis of variables associated with pulmonary hypertension due to left heart disease. BMI: body mass index, SBP: systolic blood pressure, DBP: diastolic blood pressure, HR: heart rate, LAD: left atrial longitudinal diameter, LVD: left ventricular end-diastolic diameter, RAD: right atrial diameter, RVD: right Table 4 . Data from ROC curves. # Predicted probability generated using multivariate logistic regression analysis, AUC: area under ROC curve, SE: standard error, CI: confidence interval, LAD: left atrial longitudinal diameter, BNP: brain natriuretic peptide NYHA class (p<0.001), LAD (p<0.001), LVD (p<0.001), RAD (p<0.001) and RVD (p=0.001) were significantly related to PH. Predictive factors selected from the univariate analysis were used as variables for the forward stepwise multivariate logistic regression. MiR-206, LAD and BNP were further entered into the multivariate logistic regression analysis. MiR-206 (OR 0.198, 95% CI 0.059-0.671, p<0.01) was identified as an independent predictive factor for PH in LHD patients (Table 3) .
The diagnostic accuracies of miR-206, LAD and BNP determined by the ROC analysis are shown in Table 4 . MiR-206 alone (cut off 0.66) demonstrated a sensitivity of 68.60% and specificity of 65.80% with area under the curve (AUC) of 0.720 in predicting PH. Forward stepwise binary logistic regression analysis showed that the combination of miR-206, BNP and LAD had a better predictive value, with an AUC of 0.930 and Youden index of 0.774, than that of each individual biomarker alone. The logistic formula was used to calculate the probability of miR-206, BNP and LAD in predicting PH. Z=β 0 +β 1 X 1 +β 2 X 2 +……+β m X m . β 0 is a constant, and β 1 ,β 2 ,……β m are estimated regression coefficients of the risk factors. Thus, the predicted probability was calculated as follows:
The combination of miR-206, LAD and BNP (cut-off 0.21) showed a sensitivity of 97.10% and a specificity of 80.30% in the prediction of PH in LHD patients (Fig. 3, Table 4 ).
Discussion
The importance of circulating biomarkers, based on their objective, repeatable and noninvasive nature, has aroused great interest for predicting the severity of PH in LHD patients. Our study showed that miR-206 levels were significantly reduced in PH-LHD patients, and this decrease was negatively correlated with an increase in PASP but not systemic blood pressure. In the univariate logistic regression analysis, miR-206 as well as BNP, LVEF, NYHA class and the chamber size of the atrium and ventricle were significantly related to the severity of PH in LHD patients. Our multivariate logistic regression analysis further showed that miR-206 was an independent predictor for PH in LHD patients.
PH is a common complication of LHD patients, with an incidence ranging between 65% and 80% [1, 27, 28] . PH-LHD belongs to group 2 PH according to the current guidelines on PH classification. In contrast to idiopathic pulmonary artery hypertension (IPAH), PH-LHD typically develops in LHD in response to a passive backward transmission of filling pressures [3] . The mechanism regulating cardiac hypertrophy and heart failure might simultaneously affect pulmonary vascular remodeling. Among the specific mechanisms controlling PH and cardiac hypertrophy, non-protein-coding miRNA sequences have attracted attentions for their integrative functions in cardiovascular diseases [29] . MiR-206 belongs to the miR-1/ miR-206 family of miRNAs and has been identified as an important modulator of muscle growth. MiR-206 is expressed in cardiomyocytes, and a study by Yang et al. [21] showed that miR-206 induces cardiac hypertrophy and protects myocytes against cell death. MiR-206 is also expressed in PASMCs and affects the proliferation of PASMCs by targeting Notch3 or the HIF-1α signaling pathway [19, 20] . To date, however, no study has determined whether miR-206 is involved in PH-LHD.
MiRNAs can be released into the circulation and might subsequently affect cell function both locally and at a distance. In this study, we enrolled 82 cases with LHD and 36 healthy control subjects and analyzed their plasma miR-206 levels. Because decreased Dicer/Drosha expression was associated with PH, and an overall reduction in miRNA processing may be observed [14] , the levels of miR-206 were normalized to the internal snRNA U6 expression in this study. We found that the miR-206 level was comparable between the male and female subjects. Additionally, there was no correlation between miR-206 level and age. However, the circulating level of miR-206 was significantly different between the LHD patients with and without PH. In particular, the miR-206 level was significantly decreased in PH-LHD patients compared with that in LHD patients, suggesting that miR-206 might be involved in the progression of PH in LHD patients.
In clinical practice, the impairment of left ventricle remodeling and function has been regarded as a primary risk factors of PH in LHD patients [30] . Consistent with previous reports, our study showed that the atrium and ventricle were significantly enlarged in the PH-LHD group compared with the LHD group. Furthermore, cardiac function, assessed by NYHA class and LVEF, was also significantly decreased, while the BNP level was increased, in the PH-LHD group compared with the LHD group. The miR-206 level was also correlated with changes in LVD, LVEF and BNP. Moreover, decreased levels of miR-206 were negatively correlated with increases in PASP but not systemic blood pressure. These findings indicated that the decreased expression of miR-206 reflects the severity of LHD and impaired pulmonary hemodynamics.
In addition to traditional risk factors, including LVEF, NYHA class and cardiac remodeling, the miR-206 level was significantly associated with the risk of PH. Further multivariate logistic regression analyses showed that miR-206, LAD and BNP were independent predictive factors for PH in LHD patients. In our study, LAD, but not LVD, was entered into the multivariate logistic regression analysis, which might be due to the relatively thin wall thickness and better compliance of the LA compared with the LV or because the LA is more sensitive to changes in pulmonary hemodynamics [31] . Further ROC analyses indicated that miR-206 alone (cut-off <0.66) demonstrated a sensitivity of 68.60% and a specificity of 65.80% in the prediction of PH. Forward stepwise binary logistic regression analyses showed that the combination of miR-206, BNP and LAD demonstrated a better predictive value than each of these biomarkers alone. This combination panel (cut-off 0.210) showed a sensitivity of 97.10% and a specificity of 80.30% in the prediction of PH in LHD patients. The progression of LHD into PH-LHD involves complex mechanisms including hemodynamic changes, cardiac remodeling and neuroendocrine factors [3] . The potential for biomarker combinations is currently of considerable interest in the prediction of PH in LHD patients, and our study suggests that a combination of miRNA expression, cardiac remodeling and neuroendocrine biomarkers might be helpful for the screening and identification of PH in LHD patients.
Limitations
There are several limitations to this study. First, as a single center study with a small sample size, the predictive value should be interpreted with caution. An expanded random sample across all genders and ages should be more representative of the general population, and larger clinical studies are required to determine the predictive potential of miR-206 on the severity of PH in patients with LHD. The second limitation was the inaccuracy of the noninvasive methods in assessing pulmonary artery pressure. However, more accurate, invasive RHC measurements could not be obtained in healthy and LHD controls due to ethical considerations. Noninvasive echocardiography is widely used in clinical practice, and according to the guidelines for PH diagnosis, the diagnostic accuracy of PH by echocardiography is close to that obtained by RHC when the PASP exceeds 50 mmHg [32] . We therefore used 50 mmHg of PASP as the criterion for PH in this study. Finally, in this study, the BMI was comparable between the healthy control and the LHD group. However, BMI was decreased in the PH-LHD group compared to those in the LHD and healthy control groups. This difference might cause bias in the results. Further analysis of the relationship between miR-206 and BMI should be undertaken.
